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INTRODUCTION 
 
Recently, atherosclerotic cardiovascular diseases account for about 30% 
deaths in Japan (the website of Ministry of Health, Labour and Welfare). 
Despite familiarity with this disease, some of its fundamental characteristics 
remain poorly recognized and understood. The lesions of atherosclerosis 
represent a series of highly specific cellular and molecular responses. 
According to the hypothesis of pathogenesis suggested by Ross, 
atherosclerosis can develop in response to endothelial cell injury caused by 
various factors including diabetes mellitus, hypertension, obesity, smoking, 
and dyslipidemia (Ross, 1993). After initial injury, different cell types, 
including endothelial cells, platelets, and inflammatory cells release 
mediators, such as growth factors and cytokines that induce multiple effects. 
These growth factors and cytokines will promote the changes of vascular 
smooth muscle cells (SMC) from contractile state to the active synthetic state, 
SMC proliferation and migration, and extracellular matrix (ECM) protein 
deposition (Owens, 1995; Owens et al., 2004; Rensen et al., 2007). 
Inflammatory and immune cells in blood constitute important part of 
atherosclerotic lesions (atheroma). In the center of atheroma, foam cells and 
extracellular lipid droplets form a core region, which is surrounded by a cap 
of SMC and collagen-rich matrix. T cells, macrophages, and mast cells 
infiltrate the lesion and are particularly abundant in the shoulder region 
where atheroma grows (Ross, 1993). SMC exist in a diverse range of 
phenotypes. In normal mature blood vessels, the predominant phenotype is 
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noted as contractile or differentiated SMC, which has regulation of blood 
vessel contraction as its major function. 
On the other hands, synthetic, migratory and proliferative phenotype is 
present during response to injury. During this pathogenic vascular 
remodeling, SMC with non-contractile or synthetic phenotype generate 
intimal vascular lesions. This phenotype of SMC is also termed as 
dedifferentiated cells, and has reduced expression of protein required for 
normal regulation of contractile function such as caldesmon heavy chain 
(Ueki et al., 1987; Sobue et al., 1999). This synthetic phenotype of SMC has 
increased capacity to generate ECM proteins and matrix metalloproteinases. 
Synthetic phenotype of SMC does not regulate contraction but instead 
control vascular proliferation. In synthetic phenotype of SMC, migration and 
proliferation are key elements in atherosclerosis and restenosis after 
percutaneous coronary intervention. Thus, to clarify the mechanisms of 
phenotype change of SMC will be very important for understanding the 
pathogenesis of atherosclerosis and for research on a novel treatment. 
Both contractile and synthetic types of SMC are needed for conducting 
the basic study of phenotype change. However, SMC cultured on a plastic 
plate (i.e. flask and dishes) usually show synthetic phenotype. There are 
some papers on inhibition of dedifferentiation and maintaining 
differentiated state using various ECM and humoral factors. SMC are 
arrested in the G1 phase of the cell cycle on polymerized type I collagen 
fibrils, while monomer collagen supports SMC proliferation (Koyama et al., 
1996). Cyclin-dependent kinase 2 (cdk2) phosphorylation is inhibited on 
- 6 - 
polymerized collagen, and levels of the cdk2 inhibitors p27Kip1 and p21Cip1/Waf1 
are increased compared with SMC on monomer collagen. Hedin et al. 
reported that laminin and type IV collagen suppressed differentiation of 
SMC and fibronectin promoted it in contrast (Hedin et al., 1988). Hayashi et 
al. reported the successful culture of differentiated SMC using laminin as 
ECM and insulin like growth factor-I (IGF-I) as humoral factor for more than 
9 days (Hayashi et al., 1998). But the culture system without using specific 
factors is more preferable to obtain the closer state of SMC in normal blood 
vessel. Thus, we tried to establish the culture system for stably-maintained 
differentiated SMC without adding specific factors, and to clarify the 
mechanisms of SMC differentiation in this study. 
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CHAPER-I 
 
Histological and functional analysis of vascular smooth muscle cells in a 
novel culture system with honeycomb-like structure  
 
 
Vascular SMC undergo phenotype change in the process of differentiation or 
dedifferentiation. Phenotype change of SMC in vivo is important for the 
development or regression of atherosclerosis (Schwartz et al., 1986; 
Campbell et al., 1988; Ross, 1993). Some parts of aortic medial SMC lose 
their contractile characteristics and then migrate into the intima where they 
proliferate contributing to the process of atheroma formation. Proliferation 
and secretion of extracellular matrix components by SMC lead to intimal 
thickening. In addition, the intimal SMC take up atherogenic lipoproteins 
and become foam cells (Pitas, 1990; Li et al., 1995). Thus, SMC retain 
remarkable plasticity, and they can undergo relatively rapid and reversible 
changes in their phenotype in response to local environmental signal (Owens, 
1995). Similar functional changes to those of SMC in arteries, such as 
migration and lipid accumulation, are possible to be observed in culture 
systems with plastic plates using extracellular matrices or cytokines, which 
are important for the development of atherosclerosis. 
Contractile proteins such as α-actin, myosin, calponin, caldesmon and 
tropomyosin are known to logical markers for study of SMC differentiation to 
the contractile phenotype. It is known that α-actin is an early marker, and 
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that caldesmon heavy chain is a late marker of SMC differentiation (Owens, 
1995). SMC cultured on collagen-coated plastic plates with medium 
containing serum are known to show characteristics of the synthetic 
phenotype. In this study, we tried to establish a novel culture system using 
three-dimensional type I collagen, in order to keep SMC in differentiated 
state and their functions. 
 
 
1. Materials and methods 
1.1. Preparation of “honeycomb” collagen tubes 
‘Honeycomb’ collagen is prepared with 0.5% type I collagen in acid 
solution that is first neutralized and then freeze-dried. ‘Honeycomb’ 
collagen is available commercially (Koken, Tokyo, Japan). Honeycombs 
have many pores (pore size: 0.2-0.5 mm) arranged densely in one 
direction, into which cells can penetrate (Fig. 2A). 
 
1.2. Preparation of SMC cultures 
SMC were prepared by the explant method from the medial layer of the 
thoracic aorta of male Japanese white rabbits weighing about 2 kg 
(Dilley et al., 1987; Jaakkola et al., 1988). SMC were cultured in 
Dulbecco's modified Eagle's medium containing 10% fetal bovine serum 
(10% FBS/DMEM). SMC were treated with trypsin-EDTA (Sigma, St. 
Louis, MO) for 2-3 min and the released SMC were subcultured at a 
density of 1×106 cells/T-75 flask. At confluence, subculturing was 
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repeated and SMC passages 4-10 were used in this study. SMC seeded 
on plastic plates were used after 3 days of culture in each experiment. 
SMC proliferating on the T-75 flask were used for culture of SMC in 
honeycombs. Preparation of SMC in honeycombs was as follows: SMC 
cultured on plastic plates were released with trypsin-EDTA and the 
isolated cells were harvested by centrifugation (400×g, 5 min). A mixture 
of 1×107 cells, 40 pieces of honeycombs, and 10 mL of medium in T-75 
flask was first gently shaken for 15 min and then left still for 30 min at 
37°C. These procedures were repeated 4 times. The medium was 
changed every 2 or 3 days, and SMC in honeycombs were used after 2 
weeks of culture (Fig. 1). 
 
1.3. Electron microscopy 
SMC on plates, in honeycombs and in rabbit aortic media were fixed in 
2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 4°C and 
then post-fixed in 1% OsO4 for 2 h. After dehydration in a graded series 
of increasing ethanol concentrations, the samples were dried with a 
critical-point drying apparatus (Balzers CPD O20; Balzers, 
Liechtenstein) from liquid CO2, mounted on aluminum stubs, and 
sputter-coated with gold palladium for examination by scanning electron 
microscopy (DST 950; Zeiss, Oberkochen, Germany). Alternatively, after 
ethanol dehydration, the specimens were embedded in 
1,1,1,3,3,3-hexamethyldisilazane. Ultra thin sections were prepared and 
stained with uranyl acetate and lead citrate solutions. The stained 
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specimens were examined by transmission electron microscopy (Jeol 
JSM-T 200, Kyoto, Japan). 
 
1.4. Determination of cell proliferation 
SMC on plastic plates (1×105 cells/well, 24-well plates) and in 
honeycombs containing 1×105 cells were cultured in serum-free DMEM 
for 24 h. These quiescent cells were then incubated with 10% 
FBS/DMEM containing 37 kBq of [3H]thymidine (1.5 TBq/mmol, 
American Radiolabeled Chemicals, Tokyo, Japan)/well for 24 h. Then, 
SMC were released from plastic plates with trypsin-EDTA, and SMC 
were released from honeycombs with collagenase I (300 U/mL, Sigma) at 
37°C. Cells were collected by centrifugation and washed 3 times with 
phosphate-buffered saline (PBS). Then 10% trichloroacetic acid was 
added to the cells, and radioactivity in the acid-insoluble materials was 
determined with a liquid scintillation counter (Saito et al., 1988). 
 
1.5. Determination of protein synthesis 
SMC cultured on plastic plates and in honeycombs containing 5×106 
cells were incubated in 0.5 mL of methionine-free-DMEM (Sigma) 
containing 350 kBq of [35S]methionine (37 TBq/mmol, American 
Radiolabeled Chemicals, Tokyo, Japan) for 6 h. Cells were collected by 
trypsin-EDTA or collagenase-I treatment as described above. DNA and 
protein fractions were prepared according to the method reported 
previously (Boffa et al., 1981). DNA concentration was determined with 
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the diphenylamine method (Collins, 1978). The precipitate (protein 
fraction) was dissolved in 0.1N NaOH and the [35S]methionine 
radioactivity was measured. 
 
1.6. Immunoblotting 
Detection of tropomyosin, myosin, calponin, caldesmon, 
mitogen-activated protein (MAP) kinase and phosphorylated MAP 
kinase were done as follows: SMC were rinsed 3 times with PBS and 
then homogenized in a mixture of 20 mM Tris-HCl (pH 7.5), 1 mM 
dithiothreitol, 1 mM EGTA, 2 mM EDTA, 0.1 M KCl, 5 μg/mL leupeptin 
and 20 μg/mL trypsin inhibitor. Each homogenate was treated with 2% 
sodium dodecyl sulfate (SDS) under reducing conditions and heated for 3 
mm in a boiling water bath. After centrifugation, proteins in the 
supernatant were fractionated with 7.5% SDS-polyacrylamide gel 
electrophoresis (PAGE) and then transferred to Immobilon transfer 
membranes (Millipore, Bedford, MA) by the method of Towbin (Towbin 
et al., 1979). The proteins were blotted with the ECL Western blotting 
detection reagents (Amersharm International plc, Buckinghamshire, 
UK) using monoclonal anti-caldesmon (12B5, Amersharm International 
plc), monoclonal anti-tropomyosin (TM311, Sigma), monoclonal 
anti-myosin (hSM-V, Sigma), monoclonal anti-calponin (hCP, Sigma), 
monoclonal anti-MAP kinase (ERK1+ERK2) (Zymed Laboratories Inc., 
San Francisco, CA) and polyclonal anti-phospho-specific p44/p42 MAP 
kinase (New England Biolabos Inc., Beverly, MA) antibodies. The 
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membrane was incubated with the first antibodies for 60 min at room 
temperature and with second antibodies (anti-mouse IgG or anti-rabbit 
IgG, peroxidase-linked species-specific whole antibody, Amersharm 
International plc) for 60 min at room temperature. After that, the 
membrane blots were exposed to Kodak X-Omat X-ray film with an 
intensifying screen for autoradiography. 
Detection of tyrosine-phosphorylated focal adhesion kinase (FAK) 
was performed as described by Saito (Saito et al., 1996). SMC were 
rinsed 3 times with PBS and dissolved in buffer consisting of 20 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium 
deoxycholate, 10 mM EDTA, 1% aprotinin (Sigma), 1 mM 
phenylmethyl-sulfonyl fluoride (Sigma) and 500 μM sodium 
orthovanadate. Immunoprecipitation was carried out using anti 
phosphotyrosine antibody (PY-20, Transduction Laboratories, KY) for 90 
min at 4°C and added protein G-Sepharose CL-4B (Pharmacia Biotech, 
Uppsala, Sweden) for 60 min at 4°C. During both incubation with 
antibodies and protein G-Sepharose CL-4B, the tubes were gently 
rotated by a rotatable shaker. The samples were separated by 7.5% 
SDS-PAGE and the proteins in the gel were transferred electronically to 
Immobilon transfer membranes. The membranes were incubated with 
anti-FAK antibody (Transduction Laboratories) for 60 min at room 
temperature, and then FAK was visualized in the same way as described 
for caldesmon. Each experiment presented in this study was repeated 3 
times under identical conditions to confirm the reproducibility of the 
- 13 - 
observation. 
 
1.7. Measurement of mitogen-activated protein (MAP) kinase activity 
SMC on plastic plates and in honeycombs were rinsed 3 times with 
ice-cold PBS and solubilized with 250 μL of ice-cold lysis buffer (50 mM 
glycerophosphate, pH 7.2, 100 μM Na3VO4, 2 mM MgCl2, 1 mM EGTA, 
0.5% Triton X-100, 1 mM dithiothreitol) followed by the immediate 
addition of liquid nitrogen (Li et al., 1994). The samples were allowed to 
thaw on ice, and the cells were carefully scraped from plastic plates and 
honeycombs, sonically disrupted (5s), and collected by centrifugation at 
12,000×g for 10 min at 4°C. The supernatants were used as the enzyme 
source. MAP kinase activity was assayed by phosphorylation of MBP 
(myelin basic protein) as described previously (Granot et al., 1993). Five 
microliters of extracts were incubated with anti-MAP kinase antibodies 
for 2 h at 4°C. The immunocomplex was isolated with 30 μL of protein 
G-Sepharose by shaking for 30 min at 4°C. The pellets were washed with 
ice-cold PBS 3 times and incubated for 10 min at 30°C in 30 μL of 
reaction buffer containing 20 mM HEPES buffer, pH 7.0, 2 mM 
dithiothreitol, 10 mM MgCl2, 0.1 mg/mL bovine serum albumin, 0.1 mM 
EGTA, 3.3 μg/mL protein kinase inhibitor (Sigma), 100 μM ATP, 0.3 
mg/mL Myelin basic protein (MBP, Sigma), [α-32P] ATP (70-180 kBq, 
final concentration) (148 TBq/mmol, American Radiolabeled Chemicals, 
Tokyo, Japan). The reactions were terminated by the addition of 20 μL of 
4×electrophoresis sample buffer and boiled for 2 min. The 
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phosphorylated MBP was separated by SDS-PAGE, visualized by 
staining and autoradiography. 
 
1.8. Determination of protein concentration 
Protein concentration was determined with a kit using Bradford's 
method (Bio-Rad, Protein Assay, Richmond, CA) (Bradford, 1976). 
 
2. Results 
2.1. SMC in honeycombs lost proliferative activity 
First, we measured the cell number of SMC cultered on plastic plates or 
in honeycombs (Fig. 1). After the culture of SMC in plastic plates, the 
cell number increased and reached confluent at around day 5. After that, 
a part of the cells died and floated to medium. The number of SMC in 
honeycombs did not change for 2 weeks. We also compared growth (cell 
number and [3H]thymidine incorporation), and morphological 
observation by electron microscopy of SMC cultured on plastic plates 
with/without collagen I (monomer collagen coated). There was no 
difference between SMC on coated and non-coated plastic plates (data 
not shown). Then we used SMC on non-coated plastic plates as the 
control in this study. 
Next, [3H]thymidine and [35S]methionine incorporations into SMC 
were measured in order to clarify whether SMC in honeycombs could 
proliferate and synthesize proteins (Table 1). [3H]Thymidine 
incorporation by SMC in honeycombs was very low during culture. 
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Furthermore, protein synthesis of SMC cultured in honeycombs for 2 
weeks was decreased to less than 1% of that of SMC cultured on plastic 
plates for 2 days after seeding (i.e. subconfluent SMC). These data 
suggested that SMC in honeycombs lost the proliferative activity. 
 
 
2.2. Microscopic observations of SMC 
SMC in the media of normal aortic walls are contractile. SMC obtained 
from rabbit aortic media by the explant method in plastic plates easily 
and rapidly convert to synthetic phenotype (Morisaki et al., 1985; 
Kocher et al., 1986). Fig. 2 shows SMC imaged by scanning and 
transmission electron microscopy. SMC in honeycombs were linked at 3 
or 4 sites/cell to the walls of the honeycomb structure (Fig. 2B). SMC 
cultured on plastic plates spread on plastic plates (Fig. 2C). In order to 
find out the morphological differences of SMC between in honeycombs 
and in plastic plates, numbers of ribosome and mitochondria were 
calculated (Table 2). The numbers of ribosome and mitochondria in a 
certain area of SMC cultured in honeycombs were almost the same with 
those in aortic SMC. SMC cultured on plastic plates contained 2-3 folds 
of ribosome and mitochondria compared with aortic SMC and cultured 
in honeycombs. As SMC on plastic plates were about twice larger in size 
than SMC cultured in honeycombs (compare B and C in Fig. 2), the 
difference of the number of ribosome and mitochondria per one cell 
between SMC cultured on plastic plates and in honeycombs was more 
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than 4-5 times. From these results, morphology of SMC cultured in 
honeycombs was similar to that of aortic SMC. 
 
 
2.3. Expression of marker proteins in SMC cultured in honeycombs 
Fig. 3 shows immunoblot analysis of marker proteins of SMC. Alfa-Actin, 
tropomysosin, myosin, calponin and caldesmon in SMC cultured in 
honeycombs and on plastic plates. Alfa-Actin, tropomysosin, myosin, 
calponin and caldesmon light chain were expressed in both SMC 
phenotypes, but caldesmon heavy chain was expressed only in SMC 
cultured in honeycombs, which is known to be a late marker for the 
differentiation of SMC (Ueki et al., 1987). The specific expression of 
caldesmon heavy chain indicates that SMC cultured in honeycombs is 
close to contractile phenotype. 
 
 
2.4. Effect of platelet-derived growth factor (PDGF) on SMC proliferation 
It is reported that PDGF-BB modified the phenotype of SMC resulting in 
faster growth (Morisaki et al., 1992; Shimokado et al., 1985). Thus, we 
examined the effect of PDGF-BB on [3H]thymidine incorporation of both 
SMC cultured on plastic plates and in honeycombs. When PDGF-BB was 
added to the culture medium, the incorporation of [3H]thymidine into 
SMC cultured on plastic plates increased, but that into SMC cultured in 
honeycombs did not change (Fig. 4). Then, SMC cultured in honeycombs 
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did not proliferate although growth factors, such as PDGF-BB, or serum 
were present. 
 
 
2.5. Decrease in tyrosine phosphorylation of FAK 
FAK is a widely expressed non-receptor protein tyrosine kinase that 
localizes to focal adhesion structures found in well-spread cultured cells 
(Schaller et al., 1992; Hanks et al., 1992). Recent studies have 
demonstrated that FAK provides an important integration site for a 
number of extracellular signals including integrin receptor family 
members, G protein-coupled receptors, and both receptor and 
non-receptor tyrosine kinases (Juliano et al., 1993). FAK is activated by 
the phosphorylation of tyrosine (Schaller et al; 1994; Calalb et al., 1995). 
Thus, to determine whether FAK is activated in SMC, 
tyrosine-phosphorylated FAK was measured. Tyrosine-phosphorylated 
FAK disappeared in SMC cultured in honeycombs. Expression of 
phosphorylated and non-phosphorylated FAK protein in SMC in 
honeycombs was about 50% of that in SMC cultured on plastic plates 
(Fig. 5B). Then, expression of tyrosine-phosphorylated FAK during the 
early phase of the culture of SMC in honeycombs was measured (Fig. 
5C). Tyrosine-phosphorylation of FAK disappeared at 6 h-incubation 
time but re-expressed at 12h incubation time, and disappeared at 24 h 
again. These results suggested that FAK was transiently 
phosphorylated after adhesion to the walls of honeycombs and then, 
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de-phosphorylated. Thus, the decreased expression of FAK in SMC in 
honeycombs supports the different functional property from that of SMC 
on plastic plates, in addition to the morphological difference. 
 
 
2.6. Activity of MAP kinase 
It is reported that MAP kinase is involved in cell proliferation and 
differentiation and its activity was stimulated through the 
phosphorylation of FAK (Miyamoto et al., 1995; Crews et al., 1993; 
Schlaepfer et al., 1997). Next, we measured the MAP kinase activity in 
SMC (Fig. 6A). Both SMC cultured on plastic plates and in honeycombs 
showed the same level of MAP kinase activity. Fig. 6B shows the 
presence of MAP kinase proteins detected by antibody against ERK1 
and ERK2. SMC cultured on plastic plates had both ERK1 and ERK2 
but SMC cultured in honeycombs had only ERK2. These data suggested 
that ERK2 and MAP kinase activity were kept in SMC cultured in 
honeycombs. 
 
 
3. Discussion 
Morphological and functional features which were different from those in 
SMC on plastic plates were successfully obtained by the culture using 
3-dimensional structured type-I collagen matrix “honeycomb”. It takes about 
2 weeks to obtain SMC closer to that in medial layer of normal blood vessels 
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by this system. SMC adhered on the wall of honeycombs like SMC on plastic 
plates soon after starting the culture. After culturing for 3-5 days, SMC in 
honeycombs started to attach at the wall of honeycombs gradually. The 
number of focal adhesion to the wall of honeycombs decreased gradually. 
Most SMC did not proliferate and were uniformed in shape after 2 weeks of 
culture. Alfa-Actin was detected after 5-7 days and the expression of 
caldesmon heavy chain required 10-14 days. During 2 weeks after seeding in 
honeycombs, the number of SMC did not change (Fig. 1). On the other hand, 
the number of SMC on plastic plates increased and reached plateau within 5 
days incubation. SMC on plastic plates after 3 days incubation had high 
activities of [3H]thymidine incorporation but these cells had lost their 
activity after reaching confluent. From these results, I decided to use SMC 
on plastic plates ‘after 3 days incubation’ and SMC in honeycombs ‘after 2 
weeks incubation’ in this study. 
The foremost question is by what mechanisms the differences in 
morphological and functional features of SMC are made. There was a 
difference in the number of adhesion sites between both SMC. SMC cultured 
on plastic plates had a large number of focal adhesion sites and SMC 
cultured in honeycombs had 3-4 adhesion sites/cell. Phosphorylated FAK was 
always detected in SMC cultured on plastic plates. However, FAK was 
phosphorylated only transiently in SMC cultured in honeycombs. Heldin et 
al. reported that the phenotype change from contractile to synthetic type 
depends on the phosphorylation of FAK (Hedin et al., 1997). Furthermore, 
previous reports show that stimulation of FAK activates the MAP kinase 
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cascade (Calalb et al., 1995; Miyamoto et al., 1995). Both SMC cultured on 
plastic plates and in honeycombs showed the same level of MAP kinase 
activity but most activity in SMC cultured in honeycombs depended on only 
ERK2 ( Fig. 6). Schlaepfer and Hunter reported that FAK-cSrc complex can 
lead to Ras-dependent ERK2 MAP kinase activation (Schlaepfer et al., 1997). 
Bornfeldt et al. demonstrated that the MAP pathway (ERK2) mediated 
either proliferation or growth inhibition (Bornfeldt et al., 1997). The results 
showed that SMC cultured in honeycombs may show activation of ERK2 
through an initial phosphorylation of FAK and then inhibit of cell growth. 
When PDGF-BB was added to the culture medium, the incorporation of 
[3H]thymidine into SMC cultured on plastic plates increased but not in SMC 
in honeycombs (Fig. 4). PDGF-BB can increase the phosphotyrosine content 
of FAK in Swiss 3T3 cells (Rankin et al., 1994). However, PDGF-BB signaling 
pathway via tyrosine-phosphorylated FAK did not function in honeycomb 
system. 
SMC proliferate in the intima with secreting certain types of collagens 
(Schwartz et al., 1986; Campbell et al., 1988). Intimal thickening due to SMC 
proliferation and matrix production has been observed to regress after 
reaching a certain level of expansion (Dilley et al., 1987; Armstrong et al., 
1970). Kanda et al. reported that neoarterial SMC transformed from the 
synthetic to the contractile phenotype in hybrid grafts of canine jugular vein 
(Kanda et al., 1995). A possible scenario for this regression or phenotypic 
change might be due to secretion of collagens by proliferating SMC, resulting 
3-dimensional collagen structure just like honeycombs. Therefore, it could be 
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important to find factors that regulate secretion of extracellular matrices 
from proliferating intimal SMC. 
 
In conclusion, SMC cultured in honeycombs showed the various different 
morphologies and functions compared to those cultured on plastic plates. The 
difference may represent the phenotypic modulation between the contractile 
and synthetic SMC, and the characters of SMC in honeycombs are possible to 
be corresponding to those of contractile SMC in normal blood vessels. 
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Fig. 1. Cell number of SMC.  
SMC in honeycombs and on plastic plates (1.5×104 cell/well) were cultured in 
10%FBS/DMEM. After the indicated times, cells were rinsed with PBS for 3 
times and isolated from plastic plates using trypsin-EDTA and from 
honeycombs using collagenase I. These cells were stained with trypan blue. 
Cells were counted under microscopy excluding trypan blue-staining cell. ○, 
SMC cultured on plastic plates; ●, SMC cultured in honeycombs. Values are 
mean ± S.D. for triplicate experiments. 
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Table 1. [3H]Thymidine and [35S]methionine incorporations into SMC cultured on plastic plates and in honeycombs 
 
SMC [
3H]thymidine incorporation 
(×10-5 dpm/mg protein) 
[35S]methionine incorporation 
(×protein dpm/DNA mg ) 
On plastics 5.30±0.31 5066±348 
In honeycombs 0.02±0.00 1730±124 
 
 
SMC in honeycombs were cultured for 2 weeks. SMC on plastic plates (5×104 cells/well) were plated on 24-well plates 
and cultured for 2days. Measurement of [3H]thymidine and [35S]methionine incorporations was described in “Material 
and methods”. Values are mean ± S.D. for triplicate experiments. 
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Fig. 2. Electron microscopic observations of SMC.  
A, B and C were examined by scanning electron microscopy. D, E and F 
were examined by transmission electron microscopy. A, Honeycombs; D, 
SMC in media of aorta; B and E, SMC cultured in honeycombs; C and F, 
SMC cultured on plastic plates. White arrowheads show SMC in B. 
Arrowheads show mitochondria; N, nucleus; arrow, rough endoplasmic 
reticulum in D, E and F. Bar in each figures shows as follows; A, 100 μm; B 
and C, 10 μm; D, F, 2 μm; E, 0.5 μm; and F, 2 μm. 
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Table 2. Number of ribosome and mitochondria in SMC in aorta, cultured on 
plastic plates and in honeycombs 
 
SMC 
Number 
ribosome mitochondria 
in aorta 152.6 ± 53.0 1.0 ± 0.7 
on plastics 314.0 ± 45.6 2.8 ± 0.5 
in honeycombs 144.2 ± 17.6 1.6 ± 1.1 
 
Number of ribosome and mitochondria was counted in a certain area (2.8 
m2) in electron micrograph. Values are mean ± S.D. (n=10). 
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Fig. 3. Expression of marker proteins in SMC by immunoblotting.  
Lane 1, SMC on plastic plates; lane 2, SMC in honeycombs for 14 days. 
Caldesmon-h, caldesmon heavy chain; Caldesmon-l, caldesmon light chain. 
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Fig. 4. Effect of PDGF-BB on [3H]thymidine incorporation into SMC. SMC 
in honeycombs and on plastic plates (5×104 cell/well) were preincubated 
with serum-free DMEM for 48 h with or without PDGF-BB (10 ng/mL). □, 
SMC cultured on plastic plates without PDGF-BB; ■, SMC cultured on 
plastic plates with PDGF-BB; ○, SMC cultured in honeycombs without 
PDGF-BB; ●, SMC cultured in honeycombs with PDGF-BB. Values are 
mean ± S.D. for triplicate experiments. 
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Fig. 5. Tyrosine phosphorylation of FAK in SMC.  
A, Phosphorylated FAK; B, FAK protein (phosphorylated and 
non-phosphorylated); C, phosphorylated FAK during early phase of culture 
in honeycombs, 6, 12, 24 and 72 h of incubation time. Lane p.p., SMC 
cultured on plastic plates; lane honey, SMC cultured in honeycombs. 
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Fig. 6. MAP kinase activity and its immunoblotting analysis.  
A, MAP kinase activity; B, immunoblotting of MAP kinase; C, 
immunoblotting of phosphorylated MAP kinase. Lane 1, SMC cultured on 
plastic plates; lane 2, SMC cultured in honeycombs. 
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CHAPTER-II 
 
Growth inhibition and differentiation of cultured SMC depend on cellular 
crossbridges across the tubular lumen of type I collagen matrix honeycombs  
 
 
It is showed in CHAPTER-I that dedifferentiated rabbit SMC immediately 
stopped proliferating and re-differentiated when they were cultured in 
honeycombs, although they were converted to a dedifferentiated (synthetic) 
phenotype by culture on common plates. The formation of crossbridges by 
SMC in honeycombs is characteristic of this type of culture system. The 
“crossbridges” referred to in this study were related to the method of 
adhesion. SMC were attached across the lumen of honeycombs by a few 
adhesion points, called “crossbridges”. The diameter of the pores of the 
honeycombs used in this study ranged from 200-500 μm. In order to confirm 
whether vascular SMC derived from other animals would exhibit the same 
behavior, mouse SMC were also used, in addition to rabbit SMC, to 
investigate the relationship between differentiation and pore size of the 
honeycombs. In this chapter, proliferation of different sized SMC cultured in 
honeycombs with different pore sizes was investigated. 
 
 
1. Materials and methods 
1.1. Honeycomb collagen tubes 
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Collagen sponges, called “honeycombs”, consisting of type I collagen 
were obtained from the Koken Co. Ltd., Tokyo, Japan. The structure of 
the honeycomb is not only porous but consists of many tubes aligned 
side by side similar to a beehive. The diameter of the pore in 
honeycombs was determined using electron microscopy when each tube 
was vertically fragmented. Each piece of honeycomb was cube-shaped 
with the dimensions 2×2×2 mm3. In this study, honeycombs that had 
100-500 μm pores and three types of honeycombs that had uniform pore 
sizes of less than 200 μm, 200-300 μm, and 300-500 μm were used. 
 
1.2. Culture of SMC 
SMC were prepared by the explant method from the medial layer of the 
thoracic aorta of male Japanese white rabbits weighing approximately 
2 kg and 6-8 week-old B57CL/6J mice. Pentobarbital (Nembutal; 
Dainippon Sumitomo Pharma, Japan) was administered intravenously 
(25 mg/kg) to rabbits and by intraperitoneal injection to mice before the 
artery was extirpated. All animal experiments were carried out 
according to the “Principles of Laboratory Animal Care” (NIH 
publication number 85-23, revised 1985) and the Guidelines of the 
Animal Investigation Committee, Chiba University, Japan. The culture 
of SMC was performed as described in Chapter-I. SMC were treated 
with trypsin-EDTA (Sigma) for 1 min and the released SMC were 
subcultured at a density of 1 × 106 cells/T-75 flask in 10 mL of medium. 
Before using SMC, expression of α-actin and doubling time in 
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proliferation were checked. SMC were subcultured every 4-6 days and 
when the cells reached confluence the process was repeated. SMC 
which had been subcultured 4 to 10 times were used in this study. SMC 
seeded on plastic plates in 10 mL of medium (2 × 105 cells/T-75 flask) 
and cultured for 3 days were used in each experiment. Preparation of 
SMC in honeycombs was performed by the methods described 
previously. For the measurement of [3H]thymidine incorporation, SMC 
were synchronized by culturing with serum-free DMEM for 48 h. 
 
1.3. Measurement of [3H]thymidine incorporation 
SMC on plastic plates and in honeycombs were cultured for the 
indicated time with 10% FBS/DMEM. These cells were then incubated 
with 10% FBS/DMEM containing 37 kBq of [3H]thymidine (1.5 
TBq/mmol, GH Healthcare) in each well for 24 h. After incubation, SMC 
were released from the plastic plates using trypsin-EDTA at 37 °C for 1 
min and from honeycombs using collagenase-I at 37 °C for 10 min. Cells 
were collected by centrifugation, washed 3 times with PBS, and treated 
with 10% trichloroacetic acid. Radioactivity in the acid-insoluble 
materials was determined using a liquid scintillation counter. 
 
1.4. Measurement of cell numbers 
SMC (4 × 104 cells each) were seeded on dishes (diameter; 3 cm) 
followed by the cultured on plastic plates or in honeycombs for 1-14 
days with 10% FBS/DMEM. At day 1, 3, 5, 7, 10, 14, rabbit SMC were 
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washed twice with PBS and released from plastic plates with 
trypsin-EDTA at 37 °C for 1 min or from honeycombs with collagenase-I 
at 37 °C for 10 min. At day 1, 2, 3, 5, 8, 10, mouse SMC on plastic plates 
were washed twice with PBS and released from plastic plates with 
trypsin-EDTA at 37 °C for 1 min. At day 1, 2, 3, 4, 5, 7, 9, 13, mouse 
SMC in honeycombs (200-300 μm), and at day 1, 3, 4, 6, 9, 13, mouse 
SMC in honeycombs (≦ 200 μm), were washed twice with PBS and 
released from honeycombs with collagenase-I at 37 °C for 10 min. After 
collected, cell number was determined with the Improved Neubauer 
Deep chamber hemocytometer. Cell viability was assessed by trypan 
blue exclusion. 
 
1.5. Immunoblotting 
Detection of α-actin and caldesmon was carried out by immnoblotting 
as described previously. SDS-PAGE was performed followed by 
detection with ECL Western blotting detection reagents (Amersham 
International) (Towbin et al., 1979). The proteins were detected using 
monoclonal anti-α-actin antibody (1A4, DAKO) and monoclonal 
anti-caldesmon antibody (12B5, American Research Products) as 
primary antibodies. The membranes were incubated with the primary 
antibodies for 60 min at room temperature and with the secondary 
antibodies (anti-mouse IgG, horse radish peroxidase-linked 
species-specific antibody, Amersham Bioscience) for 30 min at room 
temperature. Experiments were repeated three times to confirm the 
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reproducibility of the observations. 
 
1.6. Electron microscopy and photomicrographs 
SMC on plates, in honeycombs and in rabbit aortic media were fixed in 
2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 4 °C 
and then post-fixed in 1% OsO4 for 2 h. Electron microscopy was 
performed by the methods described previously. Living SMC were 
observed by photomicrography using BioZero (Keyence), which is a 
high-resolution optical microscope that has the functions of camera and 
lighting. 
 
1.7. Real-time monitoring of cultured cell 
Honeycombs were dipped in 10% FBS/DMEM in order to remove the air. 
SMC were collected by centrifugation after treatment with 
trypsin-EDTA. Thirty pieces of honeycombs with 1 × 106 SMC in 0.5 mL 
of 10% FBS/DMEM in a dish (diameter, 6 cm) were stored for 4 h in a 
CO2 incubator. Following incubation, 5 mL of 10% FBS/DMEM were 
added to the dish (zero time), and observations on SMC in the 
honeycombs were initiated using a CCM-330FZ (ASTEC, Co). Images 
were taken at five minute intervals and the honeycombs were moved 10 
μm after each interval. These images were edited into a video. 
 
1.8. Reverse transcription polymerase chain reaction (RT-PCR) 
RNA was isolated from SMC using ISOGEN (ISOGEN International). 
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Synthesis of cDNA was performed using 2 μg RNA in 20 μL of reaction 
mixture with Omniscript® Reverse Transcription (QAIGEN). In a total 
reaction volume of 50 μL, 1 μL of reverse-transcribed cDNA was used 
for the PCR, with specific primers for caldesmon (Table 3). 
Amplification of GAPDH was used as experimental control. Reaction 
products were analyzed by electrophoresis in 3% agarose gels and were 
observed with ultraviolet transillumination after ethidium bromide 
staining. The primers used for PCR amplification and elongation 
temperatures are shown in Table 3. The PCR cycling parameters were 
as follows: initial denaturation at 95 °C for 2 min (one cycle), 
denaturation at 95 °C for 1 min, and annealing and elongation by Taq 
polymerase (Takara Bio Inc.) at each temperature for 1 min. 
 
1.9. Determination of protein concentrations 
Protein concentrations were determined using BCA protein assay 
reagent kit (Pierce). Bovine serum albumin was used as the standard in 
this assay. 
 
 
2. Results 
2.1. Differences in cell sizes and electron microscopic observation of SMC 
forming crossbridges in honeycombs 
The relationship between the pore size of the honeycombs and forming 
crossbridges was investigated using rabbit and mouse SMC. Electron 
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micrographs of SMC in honeycombs on day 3 were shown in Fig. 7. Both 
rabbit and mouse SMC formed crossbridges in the honeycombs with a 
diameter of 200 μm or less. On the other hand, both SMC were widely 
spread on the inner wall of the honeycombs with a diameter of 300-500 
μm. The appearance of the SMC in honeycombs of larger pore sizes was 
similar to that cultured on plates. 
The binding process of SMC to the honeycombs was observed using 
a real-time cultured cell monitoring system. Two images of this binding 
process are shown in Fig. 8, where Fig. 8A shows the culture at 0 h and 
Fig. 8B shows the culture at 26 h 35 min. Some SMC were fixed at one 
attachment point and moved little by little using other attachment 
points. These observations suggested that forming crossbridges of SMC 
might depend on the internal diameter of honeycombs. The relationship 
between the diameter of honeycombs and the lengths of the long axes of 
SMC was examined. 
The length of SMC cultured on plates (normal culture) was 
estimated by the observation with microscopy (Table 4). The length of 
SMC cultured on plates was almost equal to the diameter of 
honeycomb's pore. These results indicated that the relationship 
between cell size and pore size of honeycombs was important in the 
formation of the crossbridges. 
 
2.2. Proliferation of SMC on plates or in honeycombs 
[3H]Thymidine incorporation into rabbit and mouse SMC in 
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honeycombs of various pore sizes decreased at day 3 in a pore 
size-dependent manner (Fig. 9). Because rabbit and mouse SMC barely 
took up [3H]thymidine when cultured in honeycombs with 200-300 μm 
pores and less than 200 μm, respectively, proliferation may have been 
inhibited when crossbridges were formed in honeycombs.  
The number of rabbit and mouse SMC on plates increased 
logarithmically before confluence, and proliferation stopped after 
confluence. Mouse SMC, but not rabbit SMC, died rapidly after 
confluence. Cell numbers of rabbit SMC did not increase through 14 
days when they were cultured in honeycombs with 200-300 μm poses. 
However, in honeycombs with 300-500 μm pores, cell numbers of rabbit 
SMC increased till day 5 then remained constant. Mouse SMC cultured 
in honeycombs of less than 200 μm increased 3-fold during the first 3 
days and stopped proliferating after 4 days of incubation. When mouse 
SMC were cultured in honeycombs with pore diameters of 200-300 μm, 
the cell numbers increased 6-fold at day 4, thereafter proliferation 
stopped. 
The images of rabbit SMC cultured in honeycombs of 100-500 μm for 
14 days are shown in Fig. 11. Crossbridges consisting of increased 
number of connected cells were observed (Fig. 11, the areas enclosed 
with squares). Thus, it is suggested that SMC can form crossbridges 
when the pore size is 200-300 μm or less (Fig. 11, the areas enclosed 
with circles). These observations were also seen in mouse SMC cultured 
in honeycombs (data not shown).  
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2.3. Differentiation of SMC in honeycombs 
Alpha-actin and caldesmon were detected in SMC cultured in 
honeycombs for 2 weeks (Fig. 12A). Both rabbit and mouse SMC 
cultured on plates for 14 days stopped proliferating. The levels of 
α-actin in both types of SMC were almost same. Caldesmon light chain 
was clearly detected in rabbit and mouse SMC cultured on plates. 
Caldesmon heavy chain, which is known as a marker protein of mature 
differentiated SMC (Sobue et al., 1988; Ueki et al., 1987), was only 
detected in rabbit SMC cultured in honeycombs with 200-300 μm or 
300-500 μm pores. In mouse SMC cultured in honeycombs, caldesmon 
light chain was detected in honeycombs of all pore sizes. 
Caldesmon mRNA was also detected by RT-PCR (Fig. 12B). The 
expression of caldesmon mRNA showed that rabbit SMC switched 
transcription from caldesmon light chain mRNA to heavy chain mRNA 
although quite a few SMC expressing caldesmon light chain mRNA 
were still present. Rabbit SMC cultured on plates only expressed 
caldesmon light chain mRNA. Caldesmon heavy chain mRNA was 
strongly expressed in rabbit SMC cultured in honeycombs, but some 
caldesmon light chain mRNA was also expressed. These data suggested 
that most of the rabbit SMC could change phenotype from 
dedifferentiated to differentiated, when cultured for 14 days in 
honeycombs with 200-300 μm or 300-500 μm pores. 
Mouse SMC cultured on plates and in honeycombs expressed both 
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caldesmon heavy and light chain mRNA, but only caldesmon light 
chain protein was found. These data suggested that mouse SMC in a 
variety of differentiation states might be present under these culture 
conditions. 
 
3. Discussion 
In order to clarify the optimal culture conditions that enable SMC to be 
kept in differentiated state, the relationship between cell sizes and the 
pore sizes of the honeycombs was investigated. The data in this study 
showed that the relationship between cell size and pore size affected the 
state of the crossbridges of SMC in honeycombs. By forming crossbridges 
in honeycombs with a suitable size relationship, proliferation inhibition 
was observed in mouse SMC, and both proliferation inhibition and 
differentiation were observed in rabbit SMC. On the other hand, when 
using honeycombs with larger pore sizes, SMC proliferated in 
honeycombs. It has been reported that some kinds of ECM affected cell 
behaviors such as proliferation, migration and differentiation (Carey, 
1991; Clyman et al., 1990; Glukhova et al., 1993). However, this 
investigation has demonstrated that adhesion manner was important in 
addition to the kind of ECM used for the culture of SMC. Whether SMC 
form crossbridges or not is dependent on the size relationship between 
cell size and pore size of honeycombs. The most suitable pore sizes for 
forming crossbridges were estimated to be less than 200 μm for mouse 
SMC and 200-350 μm for rabbit SMC. The results were consistent with 
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these calculations. SMC showed a spindle shape when crossbridges were 
formed.  
It was unclear that SMC formed crossbridges in honeycombs using 
2-4 attachment points although SMC spread widely on the inner wall of 
honeycombs of any pore size at the start of culture (data not shown). 
Because SMC showed repeated attachment and detachment on the wall of 
the honeycombs, cells may link at the wall using 2-4 points of adhesion. It 
has been reported that the amount of phosphorylated focal adhesion 
kinase (FAK) is parallel to proliferation activity (Ronnstrand et al., 2001). 
When SMC were cultured in honeycombs for longer periods, 
phosphorylation of FAK increased at the start of culture and gradually 
decreased in spite of the presence of FAK protein. It is expected that one 
part of FAK phosphorylation depended on repeated attachment and 
detachment, and the other part depended on proliferation in honeycombs 
of larger pore size (Fig. 10). When SMC were cultured for longer period 
(over 14 days) in honeycombs, the movement of SMC disappeared (data 
not shown), and a mass of cells then detached from the honeycombs (Fig. 
11), resulting a reduction in FAK phosphorylation. 
There are two questions regarding the differentiation of mouse SMC. 
Firstly, why did mouse SMC cultured in honeycombs not express 
caldesmon heavy chain even though the cells stopped proliferating and 
expressed caldesmon heavy chain mRNA. Secondly, why did mouse SMC 
cultured on plates express caldesmon heavy chain mRNA although they 
continued to proliferate (dedifferentiated state). The expressional change 
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in caldesmon is regulated at the levels of transcription and splicing 
within a single gene, and the isoform conversion is strongly associated 
with phenotypic modulation of SMC (Sobue et al., 1999; Yano et al., 1995). 
Caldesmon gene expression shows an immediate change by exon selection 
from the light form to the heavy form in the process of SMC 
differentiation (Yano et al., 1995; Kashiwada et al., 1997). There may be 
an unknown switch in phenotypic change in rabbit SMC when cultured in 
honeycombs which does not function in mouse SMC. In addition, rabbit 
SMC cultured on plates for 3-4 weeks exceeded confluence and stopped 
proliferating, but did not express caldesmon heavy chain although its 
mRNA was present (data not shown). From these results, it seemed that 
the conformational state of SMC in honeycombs was very important in 
differentiation. 
Gizzard SMC derived from chick embryos differentiated in the 
presence of insulin-like growth factors without serum when cultured on 
laminin-coated plates (Hayashi et al., 1998). However, SMC can 
dedifferentiate and proliferate in the presence of serum, even though the 
cells are maintained on laminin-coated plates. In our culture system 
using honeycombs, SMC can differentiat despite the presence of 10% 
serum in the medium. SMC at confluence did not proliferate due to 
contact inhibition (Li et al., 2001), and were spindle-shaped, but did not 
differentiate. In addition, SMC, which became spindle-shaped and 
slender by forming crossbridges in honeycombs with pore sizes of less 
than 200 μm, did not proliferate or de-differentiate despite the absence of 
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contact inhibition. From these observations, it is deduced that the shape 
of cells may be important in proliferation inhibition and that moderate 
tension of the cytoskeleton is necessary for the differentiation of SMC in 
honeycombs. 
The structure of honeycombs and a suitable pore size may be 
important in the differentiation of SMC.  
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Table 3-1. PCR primer sets (for rabbit SMC) 
Primer 
sets 5’-primers 3’-primers 
Elongation 
temp (℃) 
Cycle 
number 
Product 
(bp) 
h-CaD 5′-AGCCGGTGGTAATGTCATTGA-3′44-64 of h-CaD (AF421381) 
5′-GCCTTGGCCCGTTGC-3′ 
526-540 of h-CaD (AF421381) 69.7 35 497 
l-CaD 5′-CCAAGCAAGAGAGCGTTGG-3′ 822-840 of l-CaD (L37147) 
5′-GTCATGAACTCGCCATTCTGC-3′
943-963 of l-CaD (L37147) 66.0 30 142 
l+h-CaD 5′-TAACAGACGCAAGTGCATCCC-3′603-623 of h-CaD (L37147) 
5′-TCAATGACATTACCACCGGCT-3′
44-64 of h-CaD (AF421381) 66.0 35 312 
c-CaD 5′-GCAGTACACCAGTGCAATCGA-3′1489-1509 of l-CaD (L37147) 
5′-TTTCCCAGAGGTTCCGCTT-3′ 
1772-1790 of l-CaD (L37147) 68.2 28 302 
GAPDH 5′-GATGCCCCCATGTTTGTGAT-3′ 55-73 of GAPDH (AB231852) 
5′-AAGGCCATGCCAGTGAGTTT-3′ 
355-374 of GAPDH (AB231852) 67.5 25 320 
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Table 3-2. PCR primer sets (for mouse SMC) 
Primer 
sets 5’-primers 3’-primers 
Elongation 
temp (℃) 
Cycle 
number 
Product 
(bp) 
h-CaD 5′-ATTGGAAAACGGGCAGGTC-3′ 95-113 of h-CaD (AF439859) 
5′-CTGCTCTGCACGCTCCTCT-3′ 
401-419 of h-CaD (AF439859) 65.5 35 325 
l-CaD 5′-GACTCCGCCGAAAATGAGAC-3′ 560-579 of l-CaD (NM_145575) 
5′-TCTCCATTCTGCGCCTTCA-3′ 
843-861 of l-Cad (NM_145575) 64.0 30 302 
l+h-CaD 5′-CAAAATGACTCCGCCGAAAA-3′ 554-573 of l-CaD (NM_145575) 
5′-CCTCCATGTCTTGTTCCCCA-3′ 
143-162 of h-CaD (AF439859) 66.0 35 331 
c-CaD 5′-AGTCTCCAAGATTGACAGCCG-3′1384-1404 of l-CaD (NM_145575) 
5′-CATCTCCTGGCCTCAAGTCAG-3′ 
1665-1685 of l-CaD (NM_145575) 64.0 32 302 
GAPDH 5′-AACGACCCCTTCATTGAC-3′ 140-157 of GAPDH (M32599) 
5′-TCCACGACATACTCAGCAC-3′ 
312-330 of GAPDH (M32599) 57.0 27 191 
 
Nucleotide positions and GenBankTM accession numbers are shown below the primer. h-CaD, caldesmon heavy chain; 
l-CaD, caldesmon light chain; h + l-CaD, sequence containing myosin binding domain connected with repeating domain 
which is present only in caldesmon heavy chain; c-CaD, common sequence of caldesmon heavy and light chains; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase 
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Fig. 7. Electron microscopic observations of rabbit and mouse SMC cultured 
in honeycombs for 3 days.  
(A) Rabbit SMC cultured in honeycombs with ≦200 μm pores, (B) rabbit 
SMC cultured in honeycombs with 300-500 μm pores, (C) mouse SMC 
cultured in honeycombs with ≦200 μm pores, (D) mouse SMC cultured in 
honeycombs of pore size 300-500 μm. Arrows show SMC. Bar in each picture 
shows 50 μm. 
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Table 4. Comparison of cell length of SMC on plastic plates with those in 
honeycombs 
 
 
  SMC on plastic plates 
(m) 
SMC forming 
crossbridges 
in honeycombs (m) 
Rabbit SMC 136-240 (200±32) 50-214 (98±42) 
Mouse SMC 36-78 (49±10) 33-139 (80±29) 
 
The values above were estimated from electron microscopic observations by 
Biozero. Values are mean ± S.D. (n = 50). 
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Fig. 8. Observations of SMC cultured in honeycombs using real-time cell 
cultured monitoring.  
Images are shown at 0 h (A) and 26 h 35 min (B). Arrows show SMC in 
spindle shape. 
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Fig. 9. Incorporation of [3H]thymidine into SMC. (A) Rabbit SMC and (B) 
mouse SMC.  
SMC were cultured for 3 days in honeycombs. Cells were pre-incubated with 
serum-free DMEM for 24 h and exposed to [3H]thymidine (37 kBq/well) in 
10% FBS/DMEM for 24 h. The experimental procedures are described in 
Materials and methods. Values are mean ± S.D. for triplicate experiments. 
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Fig. 10. Cell number changes in SMC for 14 days.  
(A) Rabbit SMC: ●, SMC cultured on plastic plates; □, SMC cultured in 
honeycombs with 300-500 μm pores; ■, SMC cultured in honeycombs with 
200-300 μm pores. (B) Mouse SMC: ●, SMC cultured on plastic plates; ■, 
SMC cultured in honeycombs with 200-300 μm pores;  △, SMC cultured in 
honeycombs with ≦200 μm pores. Values are mean ± S.D. for triplicate 
experiments. 
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Fig. 11. Electron microscopic observations of rabbit SMC cultured in 
honeycombs for 14 days.  
Rabbit SMC were cultured in honeycombs with 100-500 μm pores. The pores 
enclosed by squares contained a large number of SMC, and the pores 
enclosed by circles contained a small number of SMC crossbridging by each 
cell. Arrows show SMC. Bar in each picture shows 100 μm. 
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Fig. 12. Differentiation markers of SMC in honeycombs.  
(A) Expression of α-actin and caldesmon in SMC cultured for 14 days on 
plates and in honeycombs having the indicated pore size. (B) Expression 
pattern of caldesmon mRNA in SMC cultured on plates and in honeycombs. 
Rabbit and mouse SMC were cultured for 14 days in honeycombs with 
300-500 μm and ≦200 μm pores, respectively.  
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CHAPTER-III 
 
Correlation between antizyme 1 and differentiation of vascular smooth 
muscle cells cultured in honeycombs 
 
In CHAPTER-I and CHAPTER-II, I described a novel system for culturing 
differentiated SMC using type I collagen 3-dimensional matrix, called 
“honeycombs”. This matrix may represent an environment more similar to 
the normal blood vessel than uncoated or collagen-coated plastic plates. 
When dedifferentiated SMC were cultured in honeycombs, cell proliferation 
ceased in parallel with decrease in the level of phosphorylated FAK. This was 
followed by gradual expression of marker proteins for differentiated SMC. 
Because SMC cultured in honeycombs remain differentiated in the presence 
of serum, this system is more suitable to study the properties of SMC and the 
molecular events underlying differentiation than that reported previously 
which used laminin-coated plates (Hayashi et al. 1998).  
Polyamines - putrescine, spermidine and spermine, abundant 
multivalent organic cations - are essential for cell growth (Igarashi and 
Kashiwagi 2006). Proliferation and transformation of cells induced by 
carcinogens, viruses and oncogenes are characterized by increases in cellular 
polyamine levels due to increased biosynthesis and uptake of polyamines 
(Pegg 1988). Ornithine decarboxylase (ODC) is the first and rate-limiting 
enzyme of polyamine biosynthesis. Thus, cells overexpressing ODC also 
show increased proliferation related to an increase in polyamine content 
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(Kameji et al. 1993). On the other hand, overaccumulation of cellular 
polyamines accelerates the induction of antizyme 1 (AZ1) (Sakata et al. 1997), 
which inhibits the activity of ODC and increases its degradation by forming 
an AZ1-ODC complex (Matsufuji et al. 1995; Murakami et al. 1992).  AZ1 
can also decrease uptake of polyamines independent of its effects on ODC 
(Suzuki et al. 1994; Zhu et al. 1999).   
In this study, the role of AZ1 in SMC differentiation was investigated 
using both normal and ODC transfected SMC (ODC-SMC). 
 
1. Materials and methods 
1.1. Honeycomb collagen tubes 
Collagen sponges, called “honeycombs”, consisting of type I collagen were 
obtained from Koken Co.   
 
1.2. Culture of SMC 
SMC were prepared by the explant method from the medial layer of the 
thoracic aorta of male Japanese white rabbits weighing about 2 kg. SMC 
were cultured in Dulbecco's modified Eagle's medium (Wako Pure 
Chemical Industries, Ltd.) containing 100 units/mL streptomycin, 100 
units/mL penicillin G and 10% fetal bovine serum (Gibco) (10% 
FBS/DMEM) at 37°C under an atmosphere of 5% CO2 in air.  
 
1.3. Plasmids and transfection 
pTracer-CMV (pTracer) encoding the ODC gene (pTracer-ODC) was 
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constructed as follows. pODC188-XhoI (Shimogori et al. 1996) was 
digested with EcoRI and XbaI, and the fragment was inserted into the 
same restriction sites of pTracer-CMV (Invitrogen Corp.). 
Transformation of Escherichia coli DH5 with the plasmid and culture of 
E. coli were carried out according to the method of Maniatis et al (1989). 
The plasmid in E. coli was purified using the QIAGEN Plasmid Midi Kit 
(QIAGEN) according to the manufacturer’s protocol. Confluent SMC 
(1x106 cells/dish,  10 cm) cultured on plastic plates for 3 days were 
released with trypsin-EDTA and suspended in 0.8 mL of PBS. Then, the 
plasmid pTracer or pTracer-ODC (2g/mL) was transfected into SMC by 
electroporation (Gene Pulser, Bio-Rad, Hercules) according to the 
methods of Kimura et al (1994). Transfection of plasmid was confirmed 
by the fluorescence of GFP protein. The fluorescence of GFP was 
observed in all viable cells at for 24 h after transfection. SMC showing 
ODC overexpression (ODC-SMC) could be selected by 4~5 times passage 
because growth rate of ODC-SMC was 2~3-fold faster compared with 
that of N-SMC. ODC-SMC was used for 4~15 passages and the cells kept 
high ODC expression level during this period. Three kinds of 
pTracer-CMV containing AZ1 without frameshift were also used; 
pTracer-AZT205 containing natural sequence without T205 expresses 
24.5 and 29 kDa AZ1, pTracer-AZT205AUG1 expresses 24.5 kDa AZ1 
and pTracer-AZT205AUG2 expresses 29 kDa AZ1 (Hoshino et al. 
2005). AZ1 encoded by pTracer-AZT205, pTracer-AZT205AUG1 and 
pTracer-AZT205AUG2 was transiently overexpressed using 
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LipofectamineTM 2000 (Invitrogen). SMC (6 x 104 cells/well, 12-well plate) 
were plated and incubated for 24 h. Then, 3.2 g/well of plasmids and 8.0 
L/well of LipofectamineTM 2000 were added according to the 
manufacturer’s protocol. SMC transfected with non-coding pTracer-CMV 
[pTracer-(-)] were used as control. 
 
1.4. Measurement of cell number and [3H]thymidine incorporation 
SMC (1 x 104 cells) on plastic plates (diameter, 3cm) or 3~4 x 104 SMC in 
5 pieces of honeycombs were cultured for the indicated time with 10% 
FBS/DMEM. Cells were then washed twice with PBS and released from 
plastic plates with trypsin-EDTA at 37 oC for 1 min and from honeycombs 
with collagenase I at 37 oC for 10 min. Cell number was determined with 
the Improved Neubauer Deep chamber hemocytometer. Cell viability was 
assessed by trypan blue exclusion. SMC on plates or in honeycombs were 
incubated with 10% FBS/DMEM containing 37 kBq of [3H]thymidine (1.5 
TBq/mmol, GH Healthcare)/well for 24 h, and [3H]thymidine 
incorporation of SMC was measured as described in Chapter I. 
 
1.5. Measurement of ODC and AZ1 activities, and polyamine and protein 
contents 
SMC (2 x 107 cells) were suspended in 1 mL of ODC assay buffer [10 mM 
Hepes-KOH pH7.5, 0.2 mM pyridoxal phosphate, 2.5 mM dithiothreitol 
(DTT), 0.1 mM EDTA and 20 M Fut-175] and were frozen and thawed 4 
times. The lysate was centrifuged (12,000 x g for 30 min at 4oC) and the 
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supernatant was collected. Extracts were dialyzed twice against 800 mL 
of ODC assay buffer for over 3 h and used for assay. ODC activity was 
assayed by measuring the release of 14CO2 from L-[l-14C]ornithine as 
described before (Mitchell and Chen 1990).  The activity of AZ1 was 
determined as inhibitory percentage of ODC activity of the extract from 
ODC-overproducing FM3A (EXOD-1) cells （Kameji 1993）. When 10 g 
proteins of the extract were used, the specific activity of ODC was 2.2 
nmol/min/mg protein. Polyamines in cells were measured using 6 x 106 
cells as described previously (Igarashi 1986).   
 
1.6. Visualization of cells 
Fixation of SMC in honeycombs and electron microscopy were carried out 
as described in Chapter I.  
 
1.7. Immunoblotting 
The level of AZ1, ODC, phosphorylated FAK, FAK, -actin, myosin and 
-actin, was measured using 5 to 20 g protein as described in Chapter I. 
The proteins were detected with the ECL Western blotting detection 
reagents (GE Healthcare) using rabbit polyclonal anti-AZ1 antibody 
(kindly supplied by Dr. Jänne at University of Helsinki) and rabbit 
anti-ODC polyclonal antibody (kindly supplied by Dr. S. Matsufuji and 
Dr. Y. Murakami, Jikei University School of Medicine), 
anti-phosphorylated tyrosine of FAK antibody (2A7, Upstate), anti-FAK 
(77, BD Transduction Laboratories), monoclonal anti--actin antibody 
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(1A4, DAKO) and monoclonal anti-smooth myosin heavy chain antibody 
(hSM-V, Sigma) as primary antibodies. The membrane was incubated 
with the primary antibodies for 60 min at room temperature followed by 
the incubation with secondary antibodies (horse radish peroxidase-linked 
anti-mouse IgG or anti-rabbit IgG, GE Healthcare) for 30 min at room 
temperature. The intensity of protein band obtained by immunoblotting 
was measured by a LAS-1000 plus luminescent image analyzer (Fuji 
Film) and exposing time was 10-60 sec unless otherwise noted. 
Experiments were repeated three times to confirm the reproducibility of 
the results. The detected bands were quantified using the ImageJ1.43. 
 
1.8. Spermine Transport Assay 
SMC (1 x 106) in 1 mL of NaCl buffer (135 mM NaCl, 1 mM MgCl2, 2 mM 
CaCl2, 10 mM glucose, and 20 mM Hepes-Tris, pH 7.2) (Hoshino et al. 
2005) was incubated at 30 °C for 5 min, and then the uptake assay was 
started by the addition of [14C]spermine at a final concentration of 10 µM 
(740 MBq/mmol). After incubation at 37 °C for 30 min, cells (1 x 106) were 
washed 3 times with PBS containing 0.2 mM spermine. Washed cells 
were lysed with 0.6 ml of Renilla luciferase assay lysis buffer (Promega), 
and a 0.5mL aliquot was used for the measurement of radioactivity by 
liquid scintillation counter. The uptake rate was linear during the 
incubation time. 
 
1.9. Autophosphorylation of FAK in vitro 
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Truncated human FAK consisting of 376-1052 (end) amino acid residues 
(molecular weight, 103 kDa) was obtained from Carna Biosciences Inc. 
The reaction mixture (10 L) consisting of 50 mM Tris-HCl (pH 7.5), 150 
mM NaCl, 1mM DTT, 10% glycerol, 0.17 pmol FAK and 1 mM ATP with 
or without 0.5 or 1 mM MgCl2 and/or spermine was incubated at 30°C for 
1 h. After the incubation, the half volume of the 2x sample buffer of 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis was added, 
and immunoblot analysis was performed to detect phosphorylated FAK 
and total protein of FAK.  
   
1.10. Determination of protein concentration  
Protein concentration was determined with a kit using Bradford's 
method (Bio-Rad, Protein Assay, Richmond, CA) (Bradford, 1976). 
 
 
2. Results 
2.1. Cell proliferation and polyamine content of ODC-SMC cultured on 
plastic plates 
In ODC-SMC cultured on plates, the cell number and incorporation of 
[3H]thymidine were higher than those in normal SMC (N-SMC) (Figs. 
13A and 1B). The spermidine content of ODC-SMC was much higher 
than that in N-SMC until day 3 (Figs. 13C and 13D). The level of 
spermidine rapidly declined and polyamine levels in ODC-SMC were 
similar to those in N-SMC during days 5 to 14 (Figs. 13C and 13D).  
- 59 - 
 
2.2. Cell proliferation and polyamine content of ODC-SMC cultured in 
honeycombs 
Morphologically, ODC-SMC appeared to be differentiated like N-SMC, 
that is, they attached to the walls of honeycombs (Fig. 14A). When 
N-SMC were cultured in honeycombs, proliferation ceased (Fig. 14B), 
and [3H]thymidine incorporation was very low (Fig. 14C).  Polyamine 
content remained at a low level from day 1 to day 14 with a transient 
increase on day 3 (Fig. 14D).  ODC-SMC, like N-SMC, did not 
proliferate either (Fig. 14B), and the incorporation of [3H]thymidine in 
these cells was nearly equal to that of N-SMC (Fig. 14C). Although the 
levels of polyamines were slightly higher in ODC-SMC than in N-SMC on 
day 3 (Fig. 14E), they decreased gradually and remained at low levels 
during days 7 to 14. These data indicate that ODC-SMC stop their 
proliferation and are differentiated in honeycombs as well as N-SMC.  
 
2.3. Levels of AZ1, ODC, -actin, myosin, and phosphorylated FAK in SMC 
Since polyamine levels are regulated by AZ1 and two different AZ1s (24.5 
kDa and 29 kDa) exist in cells (Hoshino et al. 2005), ODC inhibitory 
activity of the two AZ1s were measured using N-SMC on plates 
transfected with various types of AZ1 gene constructs which express 24.5 
kDa AZ1 only, both 24.5 kDa and 29 kDa AZ1, and 29 kDa AZ1 only, and 
ODC-overproducing cell lysate as the ODC enzyme source. Expression 
level of AZ1 and degree of inhibition of ODC activity were shown in Fig. 
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15A (a) and (b). The degree of inhibition was parallel with the expression 
level of AZ1, i.e. N-SMC expressing 24.5 kDa AZ1 alone showed the 
strongest ODC inhibitory activity. These results suggest that both 24.5 
kDa and 29 kDa AZ1s function similarly. Then, the AZ1 level in N-SMC 
on plates and in honeycombs was compared. As shown in Fig. 15B, the 
degree of inhibition of ODC activity was higher in cell lysate prepared 
from N-SMC cultured in honeycombs than that cultured on plates, 
indicating that AZ1 level is higher in SMC in honeycombs than in SMC 
on plates.  
Then, levels of AZ1, ODC, phosphorylated FAK, -actin, myosin, and 
-actin were measured in normal and ODC-SMC cultured on plates (Fig. 
15C). ODC expression in ODC-SMC on plates was greater than that in 
N-SMC. ODC activities in normal and ODC-SMC on day 3 were 2.5 and 
7.6 pmol/min/mg protein, respectively. AZ1 was not detectable in N-SMC 
but 24.5 kDa AZ1 was weakly expressed in ODC-SMC on plates. 
Although the levels of -actin and myosin decreased markedly, the level 
of phosphorylated FAK increased in ODC-SMC on plates. Because 
-actin and myosin are marker proteins for differentiated SMC 
(Gabbiani et al. 1981; Sobue et al. 1999) and phosphorylated FAK levels 
link to proliferation activity (Hauck et al. 2000), ODC-SMC was thought 
to be more de-differentiated and proliferative. 
When N-SMC and ODC-SMC were cultured in honeycombs, low level 
of 29 kDa AZ1 was expressed in N-SMC, and of both 24.5 and 29 kDa 
AZ1 in ODC-SMC (Fig. 15C). Expression level of total AZ1 was greater in 
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ODC-SMC than in N-SMC. ODC activity in both N-SMC and ODC-SMC 
cultured in honeycombs was less than 1 pmol/min/mg protein. 
Phosphorylated FAK in ODC-SMC was a little more abundant than that 
in N-SMC in honeycombs on day 1 and 3, but it became negligible in both 
SMC in honeycombs on days 7 and 14. -Actin level in ODC-SMC 
increased in a time-dependent manner similarly to N-SMC in 
honeycombs, and its expression level in ODC-SMC after day 7 was 
almost the same with in N-SMC. However, the level of myosin in 
ODC-SMC in honeycombs was higher than that in ODC-SMC on plates. 
It is confirmed that ODC-SMC was differentiated in honeycombs even 
though the potential of proliferation was higher than that of N-SMC (see 
Fig. 15A). The level of -Actin level remained at the same level in all 
samples.  
Degradation of AZ1 in ODC-SMC after treatment with cycloheximide 
was examined because the expression level of AZ1 was greater in 
ODC-SMC in honeycombs than on plates. As shown in Fig. 15D, AZ1 of 
ODC-SMC on plates was degraded till 3 h after treatment with 
cycloheximide. However, degradation of AZ1 in honeycombs was limited 
during 12 h incubation. The difference in the stability may be the major 
reason for the existence of a high level of AZ1 in SMC in honeycombs.  
 
2.4. Overexpression of AZ1 in ODC-SMC cultured on plates and in 
honeycombs 
In order to clarify whether 24.5kDa AZ1 play a certain role in 
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differentiation of SMC, 24.5 kDa AZ1 was transfected in ODC-SMC. 
Figure 16A shows the timecourse of transient expression of AZ1 in 
ODC-SMC cultured on plates and in honeycombs. Transient expression 
of AZ1 on day 1 to 3 decreased the cell number of ODC-SMC cultured on 
plates on day 3, but did not change the cell number of ODC-SMC in 
honeycombs (Fig. 16B). Transient expression of AZ1 only influenced the 
levels of myosin in ODC-SMC cultured on plates and in honeycombs and 
the levels of -actin cultured in honeycombs, but did not influence the 
levels of ODC or phosphorylated FAK significantly in ODC-SMC cultured 
on plates and in honeycombs (Fig.16). These results suggest that AZ1 
present in ODC-SMC cultured on plates and in honeycombs is enough to 
regulate the level of ODC, and that transient expression of AZ1 dose not 
strongly influence ODC-SMC differentiation in honeycombs. The level of 
AZ1 in honeycombs on day 7 was approximately 2-fold higher compared 
with that on plates on day 7, confirming that AZ1 in ODC-SMC in 
honeycombs is more stable than on plates.  
 
2.5. Relationship between AZ1 expression and polyamine uptake in 
ODC-SMC AZ1 not only stimulates degradation of ODC but also inhibits 
polyamines uptake (Suzuki et al. 1994; Zhu et al. 1999). If the level of 
AZ1 is high in ODC-SMC cultured in honeycombs, polyamine uptake 
should be low in these cells. When 10 M [14C]spermine was added to 
SMC culture medium (Fig. 17A), [14C]spermine incorporated into 
ODC-SMC on plates was 3-fold higher than that into ODC-SMC in 
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honeycombs. Similarly, accumulated spermine in ODC-SMC on plates 
was also 3-fold higher than that in ODC-SMC in honeycombs, when 
ODC-SMC were cultured for 12h in the presence of 30M spermine (Fig. 
17B). On the other hands, the level of spermidine greatly decreased in 
ODC-SMC cultured on plates in the presence of 30M spermine (data 
not shown). Essentially the same results were obtained with N-SMC 
cultured on plates and in honeycombs (data not shown). The results 
indicate that high level of AZ1 in ODC-SMC cultured in honeycombs not 
only enhances degradation of ODC but also inhibits polyamines uptake. 
 
2.6. Effect of spermine on phosphorylation of FAK 
It is known that SMC proliferation is up-regulated via increase in 
stability of S-phase kinase-associated protein-2 (Skp-2) by 
autophosphorylation of FAK-Tyr397 (Odenlund et al. 2009). 
Phosphorylated FAK disappeared in SMC cultured in honeycombs (see 
Figs. 15 and 16). To investigate the role of spermine on 
autophosphorylation of FAK, autophosphorylation of FAK in vitro was 
examined. Fig. 18 shows the level of phosphorylated tyrosine in FAK and 
the ratio of phosphorylated FAK/FAK. When ATP was absent, 
phosphorylated FAK decreased during incubation. FAK was 
auto-phosphorylated without Mg2+ and spermine, and even in the 
presence of 0.5 mM EDTA to eliminate the contaminating Mg2+. 
Phosphorylation of FAK was slightly inhibited by Mg2+, but was 
stimulated by spermine. Furthermore, inhibition of phosphorylation by 
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Mg2+ was recovered by spermine. These results suggest that spermine 
plays an important role on autophosphorylation of FAK-Tyr397. 
 
 
3. Discussion 
The results show that SMC cultured in honeycombs exhibited lower 
proliferation rates through a decrease in polyamines and phosphorylated 
FAK due to the existence of a high level of AZ1, subsequently the cells 
increased the levels of -actin and myosin for differentiation. 
Primary culture of SMC on plates also contained low level of polyamines 
and showed slow proliferation rate (doubling time was almost 2 days) 
compared to other cell lines. When ODC was overproduced in NIH3T3, AZ1 
level increased together with the increase in polyamines (Auvinen et al. 
1997). Since synthesis of AZ1 is regulated by a +1 frameshift of its mRNA, 
increase in polyamines was necessary for +1 frameshift (Matsufuji et al. 
1995). Thus, ODC-overproducing SMC was used to study the role of AZ1 on 
differentiation of SMC, because the level of AZ1 was higher in ODC-SMC 
than in N-SMC (Auvinen et al. 1997). The following results were obtained 
using ODC-SMC: 1) AZ1 in SMC was maintained at a relatively high level in 
honeycombs due to the decrease in its degradation; 2) auto-phosphorylation 
of FAK-Tyr397 was inhibited through the decrease in polyamine content by 
AZ1 in SMC in honeycombs,; and 3) expression level of marker proteins of 
differentiation, such as-actin and myosin, increased after transfection of 
AZ1. 
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Therefore, it is important to clarify why AZ1 is stable in SMC in 
honeycombs. Since it has been reported that AZ1 is rapidly degraded by the 
26S proteasome (Gandre et al. 2002), activity of the 26S proteasome may be 
low in SMC in honeycombs. So, it is expected that the level of AZ1 originally 
existing in SMC is slowly degraded in honeycombs.   
It has been reported that decreased polyamines in IEC-6 cells delayed 
phosphorylation of FAK and greatly reduced focal adhesion complex 
formation (Ray et al. 2002). It is also well known that phosphorylation of 
FAK is the initial step of proliferation of SMC (Hauck et al. 2000). The 
results indicate that spermine increased autophosphorylation of FAK by ATP 
in the absence or presence of Mg2+ in vitro (see Fig. 18). It has been also 
reported that aminoacyl-tRNA formation was stimulated by polyamines in 
the absence of Mg2+ (Igarashi et al. 1971). In this case, ATP without Mg2+ 
could be recognized by aminoacyl-tRNA synthase in the presence of tRNA 
and polyamines. This was explained by the mechanism in which 
aminoacyl-tRNA is formed without intermediate complex, i.e., 
aminoacyl-AMP-enzyme complex, instead of two step mechanism in the 
presence of Mg2+ (Igarashi et al. 1972). A similar situation may occur in case 
of autophosphorylation of FAK by ATP. FAK may be able to recognize several 
conformations of ATP in the presence or absence of Mg2+ and/or spermine. It 
is an important phenomenon that spermine activates autophosphorylation of 
FAK in the presence or absence of Mg2+ without influencing the structure of 
ATP.  
Polyamine contents of SMC in honeycombs were low and persisted at the 
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same level after day 3 even though the ODC gene was transfected. One of the 
possible reasons is a stable AZ1 expression in honeycombs. Total protein 
syntheses of SMC in honeycombs greatly decreased compared with those on 
plates. However, -actin and myosin were maintained at a relatively high 
level. These proteins are known as markers of SMC differentiation. One of 
the reasons why -actin and myosin were expressed at the relatively high 
level in SMC in honeycombs may be explained by the fact that the mRNAs 
encoding -actin and myosin have a short 5’-untranslated regions (5’-UTR), 
i.e., 5’-UTR of -actin and myosin mRNAs are short, 116 and 94 nucleotides, 
respectively (Spruill and McDermott 2009). It is previously reported that 
polyamine stimulation of ODC synthesis is dependent on the size of 5’-UTR 
of ODC mRNA in a cell-free system (Ito et al. 1990). If the size of 5’-UTR is 
longer, the degree of polyamine stimulation of ODC synthesis became greater. 
Thus, -actin and myosin may be synthesized at the relatively high level in 
SMC in honeycombs, in which polyamine content is low.  
It is of interest to know whether a relatively high level of AZ1 exists in 
most kinds of differentiated cells. 
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Fig. 13.  Effect of ODC transfection on SMC cultured on plates.   
(A) Cell number of SMC cultured on plates. Cell number was counted with a 
chamber hemocytometer. ○, Normal SMC (N-SMC); ●, ODC-SMC. (B) 
[3H]Thymidine incorporation to N-SMC (○) and ODC-SMC (●) on plates. (C 
and D) Polyamine content in N-SMC and ODC- SMC cultured on plates. △, 
putrescine; ● , spermidine; ○ , spermine. Values are means ± SD of 
triplicate determinations. 
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Fig. 14.  Effect of ODC transfection on SMC cultured in honeycombs.  
(A) Morphology by electron microscopy of ODC-SMC cultured in honeycombs 
for 14 days. Arrows show honeycombs and arrowheads show ODC-SMC.  (B) 
Cell number of SMC in honeycombs. Cell number was counted with a 
chamber hemocytometer. ○ , N-SMC; ● , ODC-SMC. (C) [3H]Thymidine 
incorporation to N-SMC (○) and ODC-SMC (●) in honeycombs. (D and E) 
Polyamine content in N-SMC and ODC-SMC cultured in honeycombs.  △, 
putrescine; ● , spermidine; ○ , spermine. Values are means ± SD of 
triplicate determinations. 
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Fig. 15.   AZ1 in N-SMC and ODC-SMC, and levels of various proteins 
expressed in SMC cultured on plates and in honeycombs.  
(A) (a) N-SMC were transfected with pTracer-AZT205AUG1 (lane 1), 
pTracer-AZT205 (lane 2) and pTracer-AZT205AUG2 (lane 3). After 
transfection, SMC was collected at 24 h and cell extract was prepared as 
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described in Material and methods. Immunoblotting was performed using 5 
g protein after dialysis for ODC assay buffer. (b) Degree of inhibition of 
ODC by AZ1 was measured as described in Material and methods. ●, the 
extract of N-SMC expressing 24.5 kDa AZ1; ▲, the extract of N-SMC 
expressing 29 and 24.5 kDa AZ1; ○, the extract of N-SMC expressing 29 
kDa AZ1. The specific activity of ODC activity in EXOD-1 cells was 2.2 
nmol/min/mg protein, and the relative activity of three extracts was 
calculated. Values are means of duplicate determinations. (B) Inhibition of 
ODC activity using the extract of N-SMC cultured on plates and in 
honeycombs. The extract containing 2 mg protein was used in the assay. 
Values are means ± SD of triplicate determinations. (C) Protein levels 
involved in cell proliferation and differentiation. AZ1, ODC, 
tyrosine-phosphorylated FAK (pY-FAK), -actin, myosin, and -actin of 
N-SMC and ODC-SMC cultured on plates and in honeycombs were detected 
by immunoblotting using 20, 20, 15, 5, 5 and 5 g proteins, respectively. P, 
EXOD-1 cells as positive control [7]. Relative intensity on day 7 was 
quantified as described in Material and method. Intensity of AZ1 was 
quantified as the sum of 29 kDa and 24.5 kDa bands, ND, not detectable. 
Values are means ± SD of triplicate determinations. (D) Degradation of AZ1. 
ODC-SMC cultured on plates and in honeycombs for 3 days was treated with 
20 g/mL cycloheximide for indicated time. AZ1 was detected by 
immunoblotting using 40 g protein. 
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Fig. 16.  Effect of transient expression of AZ1 in ODC-SMC cultured on 
plates and in honeycombs. 
After ODC-SMC was transfected with pTracer-AZT205AUG1 (24.5 kDa 
AZ1), the cells were cultured as shown in (A). Transfected ODC-SMC were 
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then cultured either on plates or in honeycombs for 1, 3 and 7 days. (B) Cell 
number was counted on day 1 and 3 as described in Materials and methos. 
(C) Levels of AZ1, ODC, pY-FAK, -actin, myosin, and -actin were measured 
by immunoblotting using 5, 20, 20, 15, 5 and 5 g proteins, respectively. 
Relative intensity of proteins on day 7 was quantified as described in 
Material and methods. Values are means ± SD of triplicate determinations. 
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Fig. 17. Spermine transport and accumulation in ODC-SMC cultured on 
plates and in honeycombs. 
ODC-SMC was cultured on plates and in honeycombs for 3 and 7 days. (A) 
[14C]Spermine transport into SMC. Values are means ± SD of triplicate 
determinations. (B) Spermine accumulation in SMCpermine content of SMC 
was measured after incubation for 12h with 30 M spermine in the medium 
containing 1 mM aminoguanidine, an inhibitor of serum amine oxidase. 
Values are the mean ± SD of triplicate determinations. 
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Fig. 18. Effect of Mg2+ and spermine on autophosphorylation of FAK in vitro. 
After incubation of FAK with ATP in the presence or absence of Mg2+ and/or 
spermine as indicated in the figure, the levels of pY-FAK and FAK were 
measured by immunoblotting as described in Materials and methods. Then, 
the relative ratio of pY-FAK/FAK was calculated assuming the ratio obtained 
in the absence of Mg2+ and spermine as 1. 
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CONCLUSION 
 
The followings are found out in this study. 
 
1) SMC can convert into differentiated state from de-differentiated state in 
the culture in honeycombs. 
2) Differentiated state can be maintained more than 14 days in honeycombs 
without additional particular humoral factors or extracellular matrix. 
The signaling pathway via ERK2 functions during the culture in 
honeycomb. 
3) The suitable relationship between cell size and pore size of honeycomb 
makes SMC forming crossbridge in honeycomb. The adhesion manner 
(forming crossbridge) is important for SMC differentiation in honeycomb. 
4) SMC have the distinct regulation of cellular polyamines. AZ1 may have a 
key role for regulating the polyamine level. 
 
From these result, the novel culture system for differentiated SMC was 
successfully established. More SMC in differentiated state are available 
easily with this system. The signal transduction via ERK2 and the 
polyamine regulation by AZ1 are considered to be a part of the mechanisms 
for differentiation of SMC.  
It is expected that the results in this study are of assistance for the 
research of vascular biology concerning SMC.  
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